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Introduction

T
his chapter covers

•
M

otivation

•
Technologies to create virtual address spaces

•
M

apping betw
een virtual and physical m

em
ory

•
H

ow
 operating system

 (O
S) uses virtual m

em
ory
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D
efinition of V

irtual M
em

ory

•
A

m
echanism

 that hides details of underlying physical
m

em
ory to provide m

ore convenient m
em

ory environm
ent

•
A

m
em

ory access schem
e to overcom

e lim
itations of physical

m
em

ory and addressing schem
e

•
A

n
exam

ple from
 previous chapter

−
A

controller that provides byte address w
hile underlying

physical m
em

ory uses w
ord addressing choosing pow

ers
of tw

o
avoids arithm

etic com
putation and m

akes
translations of byte addresses to w

ord address trivial

C
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V
irtual M

em
ory Term

inology

•
M

em
ory M

anagem
ent U

nit (M
M

U
)

−
A

n
intelligent m

em
ory controller that creates virtual

address space

−
Processor generates virtual addresses

•
R

eal: a synonym
 for physical, i.e.

−
real m

em
ory =

 physical m
em

ory

−
real address =

 physical address

−
real address space =

 physical address space

C
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Interface To
M

ultiple P
hysical M

em
ory System

s

•
E

xam
ple of connecting dissim

ilar m
em

ories

−
Figure show

s a 4 byte/w
ord SR

A
M

 and 8 byte/w
ord

D
R

A
M

 connected together

−
B

oth physical m
em

ories are integrated into a single
virtual address space

p
hysical

m
em

o
r y

#1

p
hysical

m
em

o
r y

#2

p
hysical

co
n

tro
ller

p
hysical

co
n

tro
ller

M
M

U

p
ro

cesso
r

A
rchitecture in w

hich tw
o

dissim
ilar m

em
ories connect to

processor.
C

S250 -- Part III
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E
xam

ple of a V
irtual M

em
ory System

m
em

o
r y

1

m
em

o
r y

2

A
d

d
ress0

999
1000

1999

P
rocessor sees a

single contiguous
m

em
ory

V
irtual m

em
ory system

 that divides an address space am
ong tw

o
physical m

em
ories. M

M
U

 uses address to decide w
hich m

em
ory

to access.

C
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A
ddress T

ranslation O
r A

ddress M
apping

receive m
em

ory request from
 processor;

let A
 be the address in the request;

if (A
>

1000 )
{

A
=

A
−

1000 ;
pass the m

odified request to m
em

ory 2
;

}
else {

pass the unm
odified request to m

em
ory 1

;
}

A
lgorithm

 used by M
M

U
 to create virtual m

em
ory show

n in
previous figure. T

he M
M

U
 m

aps virtual address space onto tw
o

physical m
em

ories.
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A
ddress T

ranslation O
r A

ddress M
apping

A
M

M
U

 can use m
ultiple underlying physical m

em
ory system

s to
provide a processor w

ith the illusion of a single,uniform
 m

em
ory

system
. B

ecause each
underlying m

em
ory uses address that start

at zero, the M
M

U
 m

ust translate betw
een the addresses used by

the processor and the addresses used by each
m

em
ory

C
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A
v oiding A

rithm
etic C

alculation

•
A

com
putation such as subtraction involves both hardw

are
and tim

e

•
Solution

−
D

ivide address space along boundaries that correspond to
pow

ers of tw
o

−
N

ow
 M

M
U

 looks at specifi
c bit(s) of the virtual address

to decide w
hich m

em
ory to access

D
ividing a virtual address space on a boundary that

corresponds to a pow
er of tw

o allow
s the M

M
U

 to choose
a

physical m
em

ory and perform
 the necessary address

translation w
ithout requiring arithm

etic operations.
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A
d

d
resses 

V
alu

es In
 B

in
ary

0
0

0
0

0
0

0
0

0
0

0
0

0
to

 
to

1023 
0

1
1

1
1

1
1

1
1

1
1

1

1024 
1

0
0

0
0

0
0

0
0

0
0

0
to

 
to

2047 
1

1
1

1
1

1
1

1
1

1
1

1

B
inary values of addresses in the range 0 to 2047. N

ote,
addresses above 1023 are identical except for the highest order
bit.
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D
iscontinuous A

ddress Spaces

•
W

hat happens if arbitrary am
ount of m

em
ory is installed?

•
E

xam
ple, M

1 =
 1024 and M

2 =
812 bytes in the previous

exam
ple.

−
each physical m

em
ory address has a corresponding

virtual address

−
how

ev er, som
e virtual addresses do not correspond to any

physical m
em

ory

−
virtual addresses 1836-2047 do not correspond to any
physical m

em
ory

•
T

hese are called
holes.

C
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D
iscontinuous A

ddress Spaces

A
virtual address space can be contiguous, in w

hich
case every

address m
aps to a location of an underlying physical m

em
ory,or

non contiguous, in w
hich

case the address space can contain
holes. If a processor attem

pts to read or w
rite any address that

does not correspond to physical m
em

ory,an
error results.

m
em

o
r y

1

m
em

o
r y

2

A
d

d
ress0

N
/2

−
 1

N
/2N

H
ole

(not present)

H
ole

(not present)

V
irtual address space of N

 bytes m
apped into tw

o
physical

m
em

ories. T
he space is not contiguous because only part of each

m
em

ory is present.
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O
ther M

em
ory O

rganizations

•
Interleaving bytes am

ong different physical m
em

ory m
odules

−
E

xam
ple: 4 bytes of a w

ord interleaved
am

ong 4 physical
m

em
ories

−
L

ow
-order 2 bits specifi

es the four bytes

−
A

dvantage: can access the four bytes sim
ultaneously

C
S250 -- Part III
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M
otivation for V

irtual M
em

ory

•
H

om
ogeneous integration of hardw

are

−
different size, types, w

ord-size, physical m
em

ories can be
integrated under single virtual space (see earlier exam

ple)

•
Program

m
ing convenience

−
w

ithout virtual addresses, processor w
ill need separate

addresses for each physical m
em

ory.

−
Program

m
ing and changes to m

em
ory access w

ould be
diffi

cult for program
m

er

C
S250 -- Part III
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M
otivation for V

irtual M
em

ory

•
Support for m

ultiprogram
m

ing

−
helps in allow

ing m
ultiple program

s to run at the sam
e

tim
e

•
Protection of program

s and data

−
C

PU
 uses m

odes of execution to determ
ine w

hich
instruction is allow

ed at any
tim

e

−
virtual m

em
ory linked to protection

C
S250 -- Part III
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M
ultiple V

irtual Spaces and M
ultiprogram

m
ing

•
H

ow
 to

avoid using sam
e m

em
ory location by tw

o
or

m
ore

program
s running at the sam

e tim
e?

•
U

se virtual m
em

ory to establish a separate virtual address
space for each program

•
O

ld m
ethod: partitioning, split physical m

em
ory into areas

for each program

−
advantage, no conflict

−
disadvantage, total area available for a program

 is a
fraction of physical m

em
ory

C
S250 -- Part III
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p
hysical

m
em

o
r y0N

/4

N
/2

3
N

/4

N

vir tu
al

sp
ace
1

0M

vir tu
al

sp
ace
2

0M

vir tu
al

sp
ace
3

0M

vir tu
al

sp
ace
4

0M

V
irtual address spaces m

apped onto a single physical m
em

ory.
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Technologies to C
reate D

ynam
ic V

irtual M
em

ories

•
B

ase-bound registers

•
Segm

entation

•
D

em
and Paging

C
S250 -- Part III
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B
ase-B

ound R
egisters

•
C

reates a single virtual address space and m
aps the space

onto a region of physical m
em

ory

•
B

ase and bound are tw
o

registers and a part of M
M

U

−
base register species location of virtual space

−
bound register specifi

es the size of address space.

C
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C
hanging the V

irtual Space

p
hysical

m
em

o
r y0N

vir tu
al

sp
ace

0M

b
ase

M
b

o
u

n
d

V
irtual m

em
ory that uses base-bound m

echanism
.

A
base-bound m

echanism
 uses tw

o values in the M
M

U
 to specify

how
 the virtual address space m

aps onto the physical address
space.T

he base-bound m
echanism

 is pow
erful because an

operating system
 can change

the m
apping dynam

ically.
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P
rotection

•
A

base register can m
ap from

 virtual to physical address

•
T

his does not prevent a program
 from

 accidently of
m

aliciously referencing large m
em

ory locations

•
T

he bound register is used to ensure that program
 w

ill not
exceed allocated space.

•
T

he M
M

U
 checks m

em
ory reference to bound register values

and raises an error if address is too large.

C
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Segm
entation

Segm
entation refers

to
a

virtual m
em

ory schem
e in w

hich
program

s are
divided into variable-size blocks, and only the

blocks currently needed are
kept in m

em
ory.B

ecause it leads to a
problem

 know
n as m

em
ory fragm

entation, segm
entation is

seldom
 used

C
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D
em

and P
aging

•
A

n
alternative to

segm
entation.

•
Schem

e is as follow
s

−
divide program

 into pieces

−
keep it in external storage till needed

−
load w

hen needed

•
Pieces are fi

xed-size blocks called pages. Size of pages used
to be 512 bytes or 1 K

B
, now

days Pentium
 4K

B

•
H

ardw
are handles address m

apping and detects m
issing

pages

•
Softw

are m
oves

pages betw
een external store and physical

m
em

ory

C
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P
age F

ault and R
eplacem

ent

•
Page Fault: w

hen a reference is m
ade to a m

issing page

•
Page replacem

ent

−
C

hoosing page to be rem
oved

from
 physical m

em
ory,

w
hen it is full and new

page needs to be loaded.

−
Softw

are algorithm
s handle page replacem

ent

−
Pages not referenced for a w

hile could be considered for
replacem

ent (note: not true for all algorithm
s)

C
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Term
inology

•
Page

−
block of program

 address space

−
unit of m

em
ory m

oved
ata

tim
e from

 external storage to
physical m

em
ory

•
Fram

e

−
slot of physical m

em
ory that can hold a page

•
R

esident

−
page in m

em
ory

C
S250 -- Part III
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Term
inology

•
Page table

−
a

1D
 list indexed

by
page num

ber.V
alue is null if page is

not resident, and corresponding fram
e num

ber for pages
w

hich are resident in physical m
em

ory.
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A
ddress T

ranslation

•
A

ssum
e each page is K

 bytes

•
E

xam
ple: translating virtual address V

,to
corresponding

physical address, P.

−
determ

ine num
ber of page w

here address V
 lies

N
=

int (V
/K

)

−
use page num

ber as index
into page table to fi

nd
corresponding fram

e num
ber in m

em
ory

−
determ

ine offset w
ithin the page

O
=

C
m

od K
P

=
pagetable[N

] +
 O

C
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U
sing P

ow
ers O

f T
w

o

•
U

sing pow
ers of tw

o
elim

inates the need for devision and
rem

ainder com
putation.

p
ag

e tab
le

o
N

vir tu
alad

d
ress

f
o

p
hysical ad

d
ress

f

M
M

U
 perform

ing address translation in a paging system
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C
ontrol B

its

•
Presence bit

−
w

hether page is currently in m
em

ory

−
helps detect page fault

•
U

se bit

−
provides inform

ation for page replacem
ent

−
set w

henever
page is accessed.

−
page not referenced recently is candidate for eviction

•
M

odify bit

−
set w

henever
a

page is w
ritten after it w

as loaded.

−
used during page replacem

ent w
hether page needs to be

w
ritten back to external storage

C
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Storing P
age Tables

•
Page tables are accessed frequently,and determ

ine
perform

ance of m
em

ory access.

•
Page tables can also be quite large.

•
W

here are page tables stored? Possible locations

−
Special M

M
U

 chip external to processor,w
ith high speed

hardw
are interface betw

een processor-M
M

U

−
In

the physical m
em

ory.SR
A

M
 for page table, D

R
A

M
for fram

es

−
Subset of page table (T

L
B

) m
ay be stored in high speed

m
em

ories like
C

A
M

C
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Storing P
age Tables

o
p

eratin
g

system
p

ag
e

tab
les

fram
e sto

rag
e

m
em

ory

A
part of the physical m

em
ory reserved to store page tables.
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T
ranslation L

ook-aside B
uffer

•
H

igh speed hardw
are to optim

ize perform
ance of dem

and
paging

•
Provides fast table lookups, T

L
B

 is a C
A

M
 like

storage
device.

•
Processor stores page table in m

em
ory and subset of page

table in T
L

B
. Sim

ultaneously accesses both m
em

ory and
T

L
B

 for page translation. A
ccepts fi

rst reply.

•
Processor tends to fetch successive instructions from

 sam
e

page. R
ecently

accessed page table entries are stored in
T

L
B

.
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C
onsequences F

or P
rogram

m
ers

•
Program

m
ers can affect virtual m

em
ory perform

ance.

•
E

xam
ple 2 D

 array stored in m
em

ory.

−
C

an be stored as row
-m

ajor or colum
n-m

ajor

−
A

ll elem
ents of a row

stored in contiguous m
em

ory
locations

−
Program

m
er w

riting nested loop for A
[i,j] w

ith row
-

m
ajor storage should have inner loop as j, and inner loop i

w
ith colum

n-m
ajor storage.

−
E

nsures contiguous m
em

ory are accessed in sequence, all
in the sam

e page

−
R

esults in less page faults
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C
onsequences F

or P
rogram

m
ers

ro w
0

ro w
1

ro w
2

ro w
3

ro w
4

ro w
5

ro w
N

...

2D
 array stored in row

-m
ajor order.A

row
 is

contiguous in
m

em
ory.
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Sum
m

ary

•
V

irtual m
em

ory system
 hides details of underlying physical

m
em

ory

•
V

irtual m
em

ory is convenient for program
m

ing, and supports
m

ultiprogram
m

ing and protection

•
B

ase-bound, Segm
entation, and D

em
and Paging are three

virtual technologies

•
D

em
and paging, the m

ost popular am
ong the three uses a

page table to m
ap virtual address to physical address

•
Im

portant subset of page table is stored in T
L

B
, a high speed

device.

•
U

sing pow
ers of tw

o
helps avoid arithm

etic operations
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